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MODULAR MULTI-LEVEL CONVERTER
PRE-CHARGERS

This invention was made with government support under
EEC1041877 awarded by National Science Foundation. The
government has certain rights in the invention.

TECHNICAL FIELD

This specification relates generally to circuits for power
conversion and in particular to modular multi-level convert-
ers.

BACKGROUND

A power conversion circuit converts electric power from
alternating current (AC) to direct current (DC), or vice
versa. A modular multi-level converter (MMC) 1s a power
conversion circuit commonly used as a voltage-source con-
verter for high voltage DC circuits. Typically, conventional
MMCs include submodules arranged into phase legs, each
submodule including 1ts own storage capacitor. A pre-char-
ger circuit 1s used to pre-charge the submodules.

FIG. 1A shows an example MMC configured to pre-
charge each submodule 1n the MMC with a separate charg-
ing circuit. FIG. 1B shows an example MMC configured to
pre-charge by a gnid-tied AC source through pre-charge
resistors. FIG. 1C shows an example MMC configured to
pre-charge by a DC source through pre-charge resistors.
FIG. 1D shows an example MMC configured to pre-charge

by an auxiliary DC supply connected on a DC bus through
a high-voltage diode.

SUMMARY

This specification describes circuits and methods for
power conversion. In some examples, a modular multi-level
converter (MMC) 1s configured for power conversion
between an alternating current (AC) bus and a direct current
(DC) bus. The MMC 1ncludes submodules arranged into a
phase leg for at least one phase of the AC bus. Fach
submodule includes an energy storage component and a
switch configured for bypassing the energy storage compo-
nent or connecting the energy storage component into the
phase leg. The MMC 1ncludes a pre-charger circuit config-
ured to pre-charge the energy storage components of the
submodules. The pre-charger circuit 1s configured for pro-
viding a first DC voltage that 1s lower than a second DC
voltage on the DC bus, and the pre-charger circuit 1s coupled
to an end submodule of the phase leg.

Accordingly, 1t 1s an object of the presently disclosed
subject matter to provide a modular multi-level converter
(MMC) configured for power conversion between an alter-
nating current (AC) bus and a direct current (DC) bus. This
and other objects are achieved in whole or in part by the
presently disclosed subject matter. Further, an object of the
presently disclosed subject matter having been stated above,
other objects and advantages of the presently disclosed
subject matter will become apparent to those skilled in the
art after a study of the following description and figures.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-1D 1llustrate conventional MMCs;
FIG. 2 1s a circuit diagram of an example MMC config-
ured for power conversion between an AC bus and a DC bus;
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FIG. 3 illustrates delivering energy from a pre-charge DC
supply to two phase legs inductors by increasing current;

FIG. 4 illustrates delivering energy from two phase legs
inductors to a submodule capacitor;

FIG. 5 1llustrates delivering energy from one submodule
in one phase leg to inductors of that phase leg and another
phase leg by increasing current;

FIG. 6 illustrates delivering energy from two phase legs
inductors to an end submodule; and

FIG. 7 1s a block diagram of an example power conver-
s10n system.

DETAILED DESCRIPTION

The presently disclosed subject matter provides circuits
and methods for power conversion. In some examples, a
umversal and cost-effective pre-charger, comprising an aux-
iliary DC supply and a diode, 1s configured to charge
submodule capacitors 1n modular-multilevel-converters

(MMCs). The DC supply 1s connected to the MMC bottom
submodule DC link through the diode so that the DC supply
and diode voltages are within the submodule DC bus volt-
age. Any phase leg can cooperate with another phase leg to
charge 1ts submodule capacitors, except for the bottom one,
by operating in a boost converter mode. After fully pre-
charging other submodule capacitors, the bottom submodule
capacitors are pre-charged with a portion of energy stored 1n
other submodule capacitors by coordinating two phase legs
in a buck converter mode.

FIG. 2 1s a circuit diagram of an example MMC 200
configured for power conversion between an AC bus and a
DC bus. The MMC 200 includes a pre-charger circuit 202
configured for pre-charging a number of submodules, e.g.,
submodules 204 and 206. The submodules are arranged 1nto
three phase legs 208, 210, and 212. Each submodule
includes an energy storage component, €.g., a capacitor, and
a switch, e.g., a pair of transistors or other arrangement of
transistors, configured for bypassing the energy storage
component or connecting the energy storage component into
one of the phase legs 208, 210, and 212. Each phase leg 1s
a string of submodules that are coupled together, end-to-end.,
from a high-side terminal to a low-side terminal of the MMC
200.

The pre-charger circuit 202 1s configured to pre-charge the
energy storage components of the submodules. The pre-
charger circuit 202 1ncludes a pre-charge DC voltage supply
and a pre-charge diode. The pre-charge DC voltage supply
1s a low-voltage supply, 1.e., 1n that the pre-charge DC
voltage supply 1s configured for providing a DC voltage that
1s lower than the DC voltage on the DC bus. Because the
pre-charge DC voltage 1s lower than the DC voltage on the
DC bus, the pre-charge diode can be a diode with a rated
voltage less than the voltage on the DC, which can be usetul
for avoiding a costly diode rated for the full DC voltage.

The pre-charger circuit 202 1s coupled to an end submod-
ule of the phase leg. The end submodule 1s at one end or the
other of a phase leg, 1.e., the end submodule 1s coupled to a
high-side terminal or a low-side terminal. As shown 1n FIG.
2, the pre-charger 202 1s coupled to the bottom submodule
214 of the first phase leg 208. The bottom submodule 214 is
coupled to a low-side terminal of the MMC 200.

The pre-charger circuit 202 1s configured for controlling
the switches of the submodules and, 1n a first pre-charging
operation, pre-charging all of the submodules 1n the phase
leg except for the end submodule of the phase leg. Control-
ling the switches of the submodules includes, in a second
pre-charging operation after the first pre-charging operation,
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pre-charging the end submodule of the phase leg using a
portion of the energy stored in the other modules of the
phase leg.

For example, consider the first phase leg 208. The pre-
charger circuit 202 1s configured for pre-charging all of the
submodules 1n the phase leg 208 except for the bottom
submodule 214 1n a first pre-charging operation. The pre-
charger circuit 202 1s configured for pre-charging the bottom
submodule 214 1n a second pre-charging operation using a
portion of the energy stored in the other submodules of the
phase leg 208.

Typically, pre-charging all of the submodules 1n the phase
leg except for the end submodule of the phase leg includes
pre-charging all of the submodules except for the end
submodule to a pre-set voltage higher than a rated voltage
for the MMC to reserve energy for pre-charging the end
submodule. In this manner, when the end submodule 1is
pre-charged to the rated voltage, the voltage on the other
submodules 1s reduced from the pre-set voltage to the rated
voltage, such that all of the submodules 1n the phase leg are
pre-charged to the rated voltage when pre-charging 1s com-
plete.

In general, the MMC 200 1s configured such that the phase
legs cooperate to perform pre-charging. Two phase legs
cooperate to pre-charge all of the submodules except for the
end submodule 1n a boost converter mode, and then two
phase legs cooperate to pre-charge the end module 1n a buck
converter mode.

For example, the first phase leg 208 and the second phase
leg 210 can be configured for operating 1n a boost converter
mode for pre-charging all of the submodules in the first
phase leg 208 except for the bottom submodule 214 of the
first phase leg 208. Similarly, the second phase leg 210 and
the third phase leg 212 can be configured for operating in a
boost converter mode for pre-charging submodules of the
second phase leg 210, and the third phase leg 212 can be
configured for operating in a boost converter mode with the
first phase leg 208 or the second phase leg 210 for pre-
charging submodules of the third phase leg 212.

The first phase leg 208 and the second phase leg 210 can
be configured for operating 1n a buck converter mode for
pre-charging the bottom submodule 214 of the first phase leg
208. Similarly, the second phase leg 210 and the third phase
leg 212 can be configured for operating 1n a buck converter
mode for pre-charging a bottom submodule of the second
phase leg 210, and the third phase leg 212 can be configured
for operating 1n a buck converter mode with the first phase
leg 208 or the second phase leg 210 to pre-charge a bottom
submodule of the third phase leg 212. The end submodules
can be pre-charged sequentially, e.g., by pre-charging one
end submodule first and then another end submodule after
the first end submodule.

FIGS. 3-6 1llustrate the pre-charging operations 1n greater
detail. A first pre-charging operation includes pre-charging
submodules 1n one phase leg except for the SM_, . (X 1s a, b,
or ¢ representing the phase). A second pre-charging opera-
tion 1ncludes pre-charging the SM._, ., submodules.

FIG. 3 and FIG. 4 show the two operating statuses in
sequence to pre-charge the SM_ (m 1s 1, 2, or 2N-1) with
the pre-charge DC supply. First, the pre-charge DC supply
energy 1s delivered to phase A and phase B arm inductors by
increasing the current 1, through turning on the phase B
bottom submodule upper switch S, .., and the lower
switches of all the other submodules 1n phase A and phase
B, as shown in FIG. 3. Second, after the 1, reaches a
pre-set upper bound value, the energy stored 1n phase A and
phase B arm inductors 1s delivered to a phase A submodule
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capacitor by turning on the submodule upper switch, as
shown in FIG. 4. Atter the1_,,,,., decreases to a pre-set lower
bound value, repeat the above two steps until all SM__ (m
1s 1, 2, or 2N-1) are pre-charged to a pre-set value. By using
the same method, phase B and phase C submodules except
for the SM,,. and SM _,.; can also be pre-charged to the

pre-set value.

Because the SM _,., SM,,., and SM .. DC links are
directly connect to the pre-charge DC supply through the
pre-charge diode, they are not able to be pre-charged by the
pre-charge DC supply. Instead, a part of the energy pre-
charged and stored in the SM__ (X 1s a, b, or ¢ representing
the phase; m 1s 1, 2, . . . or 2N-1 representing the SM
number) 1s utilized to pre-charge the SM .., SM, ., and
SM_, -

In the first pre-charging operation, the SM,__ 1s pre-
charged to a pre-set value slightly higher than the rated
voltage to reserve energy lor pre-charging the SM ..
SM, .- and SM_,.. In the second pre-charging operation,
any two phases cooperate to operate in a buck converter
mode to pre-charge the SM_,., SM, ..., and SM _, ., with the
SM__ . FIG. 5 and FIG. 6 show the two operating statuses 1n
sequence to pre-charge the SM, , .- with the energy stored 1n
SM__(mi1s1,2,...o0r 2N-1).

First, the energy in SM__ (m 1s 1, 2, . . . or 2N-1) 1s
delivered to phase A and phase B arm inductors by increas-
ing the current 1_,,,,.., through turningonthe S, , (mis 1,
2,...o0r 2N-1), as shown 1n FIG. 5. Second, after the 1_,,,,..
reaches a pre-set upper bound value, the energy stored in
phase A and phase B arm inductors 1s delivered to SM ., by
turning on S, ,.» and all lower switches of the other
submodules 1 phase A and phase B, as shown in FIG. 6.
After the 1., decreases to a pre-set lower bound value,
repeat the above two steps until etther all SM__ (m 1s 1,
2,...0r 2N-1) or SM, , ., reaches the rated value. By using
the same method, the SM .., can be pre-charged by the
SM, (mis 1, 2, ... or 2N-1) and the SM _,., can be
pre-charged by the SM__(m1s 1, 2, ... or 19) successively.

FIG. 7 1s a block diagram of an example power conver-
s1on system 700 that uses the MMC 200 of FIG. 2 for power
conversion. The system 700 includes an AC source 702, e.g.,
a utility grid. The MMC 200 1s coupled to the AC source 207
by an AC bus 704. The MMC 200 receives AC power from
the AC bus 704 and supplies DC power to a DC load 706 on
a DC bus 708. The MMC 200 can be useful, 1n particular, 1n
high voltage DC applications. High voltage DC 1s used as an
alternative to AC for transmitting electrical energy over long
distances or between AC power systems of different fre-
quencies.

The AC bus 704 can supply three-phase power, 1n which
case the MMC 200 1s configured with three phase legs of
submodules 710. In general, the MMC 200 can have any
appropriate number of phase legs depending on the appli-
cation. The MMC 200 includes a controller 712 for control-
ling the switches of the submodules 710. The controller 712
1s configured for pre-charging the submodules 710 using the
pre-charger circuit 202 and by controlling the switches of the
submodules. The controller 712 can be mmplemented 1n
hardware, software, firmware, or any combination thereof.
For example, the controller 712 can be implemented as a
processor and memory storing executable instructions for
the processor.

The MMC 200 can be implemented as a hali-bridge
MMC. Alternatively, the pre-charger circuit 202 can be
implemented 1n full-bridge and hybrid MMC topologies. In
some examples, instead of a DC supply and a diode, the
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pre-charger circuit 202 can be implemented with a bi-
directional DC/DC converter to pre-charge the MMC 200.

The pre-charger circuit 202 can be used to pre-charge
MMC s flexibly without relying on the MMC AC or DC bus
sources. All devices voltages of the MMC pre-charger do not
need to exceed the submodule DC voltage, which 1s smaller
than the MMC DC bus voltage. Comparing with some
conventional pre-charging methods, the pre-charger circuit
202 1s more flexible, cost effective, and has a smaller size.

Although specific examples and {features have been
described above, these examples and features are not
intended to limit the scope of the present disclosure, even
where only a single example 1s described with respect to a
particular feature. Examples of features provided i the
disclosure are intended to be illustrative rather than restric-
tive unless stated otherwise. The above description 1s
intended to cover such alternatives, modifications, and
equivalents as would be apparent to a person skilled 1n the
art having the benefit of this disclosure.

The scope of the present disclosure includes any feature
or combination of features disclosed in this specification
(etither explicitly or mmplicitly), or any generalization of
teatures disclosed, whether or not such features or general-
1zations mitigate any or all of the problems described 1n this
specification. Accordingly, new claims may be formulated
during prosecution of this application (or an application
claiming priority to this application) to any such combina-
tion of features. In particular, with reference to the appended
claims, features from dependent claims may be combined
with those of the independent claims and features from
respective independent claims may be combined 1n any
appropriate manner and not merely 1n the specific combi-
nations enumerated in the appended claims.

What 1s claimed 1s:

1. A modular multi-level converter ((MMC) configured for
power conversion between an alternating current (AC) bus
and a direct current (DC) bus, the MMC comprising:

a plurality of submodules arranged into a phase leg for at
least one phase of the AC bus, each submodule com-
prising an energy storage component and a switch
configured for bypassing the energy storage component
or connecting the energy storage component into the
phase leg; and

a pre-charger circuit configured to pre-charge the energy
storage components ol the submodules, wherein the
pre-charger circuit comprises a pre-charge DC voltage
supply and a pre-charge diode and the pre-charge DC
voltage supply 1s configured for providing a first DC
voltage that 1s lower than a second DC voltage on the
DC bus, and wherein the pre-charger circuit 1s coupled
to an end submodule of the phase leg;

wherein the pre-charger circuit 1s configured for control-
ling the switches of the submodules and, 1n a first
pre-charging operation, pre-charging all of the submod-
ules 1n the phase leg except for the end submodule of
the phase leg.

2. The MMC of claim 1, wherein controlling the switches
of the submodules comprises, in a second pre-charging
operation aiter the first pre-charging operation, pre-charging
the end submodule of the phase leg using a portion of an
energy stored 1n other modules of the phase leg.

3. The MMC of claim 2, wherein pre-charging all of the
submodules 1n the phase leg except for the end submodule
of the phase leg comprises pre-charging all of the submod-
ules except for the end submodule to a pre-set voltage higher
than a rated voltage for the MMC to reserve energy for
pre-charging the end submodule.
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4. The MMC of claim 2, comprising a second plurality of
submodules arranged into a second phase leg for a second
phase of the AC bus, wherein the phase leg and the second
phase leg are configured for operating 1n a boost converter
mode for pre-charging all of the submodules 1n the phase leg
except for the end submodule of the phase leg.

5. The MMC of claim 2, comprising a second plurality of
submodules arranged into a second phase leg for a second
phase of the AC bus, wherein the phase leg and the second
phase leg are configured for operating in a buck converter
mode for pre-charging the end submodule of the phase leg
and a second end submodule of the second phase leg.

6. The MMC of claim 5, wherein pre-charging the end
submodule of the phase leg and the second end submodule
of the second phase leg comprises pre-charging the end
submodule first and then, after pre-charging the end sub-
module, pre-charging the second end submodule of the

second phase leg.

7. The MMC of claim 1, wherein the AC bus 1s configured
for carrying three-phase power, and wherein the MMC
comprises a second phase leg and a third phase leg.

8. The MMC of claim 1, wherein the energy storage
component of each submodule comprises a capacitor, and
wherein the switch of each submodule comprises a pair of
transistors.

9. The MMC of claim 1, wherein the pre-charge diode has
a rated voltage less than the second DC voltage on the DC
bus.

10. A method for power conversion between an alternat-
ing current (AC) bus and a direct current (DC) bus using a
modular multi-level converter (IMMC), the method compris-
ng:

pre-charging each energy storage component of a plural-

ity ol submodules of the MMC arranged into a phase
leg for at least one phase of the AC bus, each submod-
ule comprising a switch configured for bypassing the
energy storage component or connecting the energy
storage component into the phase leg;

converting power between the AC bus and the DC bus

using the MMC and energy stored 1n the plurality of
submodules; and

controlling the switches of the submodules and, 1n a first

pre-charging operation, pre-charging all of the submod-
ules 1n the phase leg except for the end submodule of
the phase leg;

wherein pre-charging the energy storage components

comprises providing a first DC voltage that 1s lower
than a second DC voltage on the DC bus using a
pre-charger circuit coupled to an end submodule of the
phase leg.

11. The method of claim 10, wherein controlling the
switches of the submodules comprises, 1 a second pre-
charging operation after the first pre-charging operation,
pre-charging the end submodule of the phase leg using a
portion of an energy stored in other modules of the phase
leg.

12. The method of claim 11, wherein pre-charging all of
the submodules 1n the phase leg except for the end submod-
ule of the phase leg comprises pre-charging all of the
submodules except for the end submodule to a pre-set
voltage higher than a rated voltage for the MMC to reserve
energy for pre-charging the end submodule.

13. The method of claim 11, wherein the MMC comprises
a second plurality of submodules arranged into a second
phase leg for a second phase of the AC bus, wherein the
method comprises operating the phase leg and the second
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phase leg in a boost converter mode for pre-charging all of
the submodules 1n the phase leg except for the end submod-
ule of the phase leg.

14. The method of claim 11, wherein the MMC comprises
a second plurality of submodules arranged into a second
phase leg for a second phase of the AC bus, wherein the
method comprises operating the phase leg and the second
phase leg 1n a buck converter mode for pre-charging the end
submodule of the phase leg and a second end submodule of
the second phase leg.

15. The method of claim 14, wherein pre-charging the end
submodule of the phase leg and the second end submodule
of the second phase leg comprises pre-charging the end
submodule first and then, after pre-charging the end sub-
module, pre-charging the second end submodule of the
second phase leg.

16. The method of claim 10, wherein the AC bus 1s
configured for carrying three-phase power, wherein the
MMC comprises a second phase leg and a third phase leg,
wherein the energy storage component of each submodule
comprises a capacitor, wherein the switch of each submod-
ule comprises a pair of transistors, wherein the pre-charger
circuit comprises a pre-charge DC voltage supply and a
pre-charge diode, and wherein the pre-charge diode has a
rated voltage less than the second DC voltage on the DC bus.
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17. A modular multi-level converter (IMMC) configured
for power conversion between an alternating current (AC)
bus and a direct current (DC) bus, the MMC comprising:
a plurality of submodules arranged 1nto a phase leg for at
least one phase of the AC bus, each submodule com-
prising an energy storage component and a switch
configured for bypassing the energy storage component
or connecting the energy storage component into the
phase leg; and
a pre-charger circuit configured to pre-charge the energy
storage components ol the submodules, wherein the
pre-charger circuit 1s configured for providing a first
DC voltage that 1s lower than a second DC voltage on
the DC bus, and wherein the pre-charger circuit 1s
coupled to an end submodule of the phase leg;

wherein the pre-charger circuit 1s configured for control-
ling the switches of the submodules and, 1n a first
pre-charging operation, pre-charging all of the submod-
ules 1n the phase leg except for the end submodule of
the phase leg.

18. The MMC of claim 17, wherein the pre-charger circuit
comprises a bi-directional DC/DC converter.
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